Background: Patients with human papillomavirus (HPV)-positive oropharyngeal squamous cell carcinoma (OPSCC) have a better prognosis than those with HPV-negative tumours. There is interest in de-escalating their treatment but strategies are needed for risk stratification to identify subsets with a poor prognosis. This study investigated tumour-infiltrating lymphocytes (TILs) in relation to HPV tumour status and patient survival.
sub-sites in the oropharynx, but it is unclear what factors underlie this relationship. It is possible that activation of local oropharyngeal immunity has a role in limiting the spread of the disease and/or enhancing response to therapy.
A predominant infiltration of CD3+ T lymphocytes is associated with a favourable prognosis in several cancer types (Gooden et al, 2011) . However, the type and functional status of the immune cells (e.g., CD8 þ cytotoxic effector vs tumour promoting CD4 þ FoxP3 þ T regulatory (Treg) cells) and/or the micro-environment localisation of different tumour-infiltrating lymphocytes (TILs) can determine the balance between control or promotion of cancer (Fridman et al, 2012) . Recent OPSCC TIL studies have produced inconsistent findings. Studies of 46 (Wansom et al, 2012) and 83 (Nasman et al, 2012) patients reported T-cell infiltration was associated with a good prognosis and the degree of T-cell infiltration did not differ by HPV status. By contrast, other studies reported that higher CD8+ but not CD4+ T-cell infiltration was associated with a good prognosis and the degree of infiltration was positively related to HPV status (Nordfors et al, 2013; Ward et al, 2013) . Ward et al (2013) investigated 270 OPSCC and found significant differences in T-cell infiltration between HPV-positive and -negative tumours with higher levels associated with a favourable outcome in HPV-positive patients.
Oropharyngeal squamous cell carcinoma have both tumour and stromal elements, which may interact to influence the biology of the cancer. Activation of the tumour stroma may drive tumour progression metabolically and/or influence inflammatory responses by modulating the balance of negative and positive immune-controlling processes (Meseure et al, 2014) . Interestingly, activation of the OPSCC stroma determined by smooth muscle actin (SMA) expression was associated with a poor prognosis, although the relationship with HPV status was not determined (Marsh et al, 2011) . The stromal extracellular matrix can influence anti-tumour immunity by controlling the positioning and migration of T cells as seen in human lung tumours (Salmon and Donnadieu, 2012) . A recent study of OPSCC reported that high CD8 þ T-cell infiltration in the stroma was associated with a good prognosis, although, surprisingly, HPV status did not predict a better clinical outcome in this group of patients (Balermpas et al, 2013) .
There is currently interest in de-escalating the treatment of good-prognosis OPSCC. Stratification based on HPV status alone may be too simplistic and underpins the need to identify additional biomarkers of outcome. Measurement of TILs is considered a promising avenue of research but requires increased understanding of the subtleties of tumour immunologic response (Jones, 2014) . Therefore, the aim of the study reported here was to investigate the role of tumour microenvironment site of T-cell infiltration. The aim was addressed by investigating OPSCC from patients who were diagnosed between 2002 and 2011, and received radiotherapy. Tumour HPV status was determined using three methods and multiplex immunohistochemistry (IHC) was used to detect and enumerate different T-cell populations in tumour and stromal regions.
MATERIALS AND METHODS

Patients.
A retrospective audit using a radiotherapy database at The Christie NHS Foundation Trust Hospital identified patients with a confirmed histological diagnosis of OPSCC. Patients were treated between January 2002 and December 2011 with radiotherapy as one or the only therapy modality. Patients treated with a palliative intent were excluded. Patient clinico-pathologic and outcome data were collected from the case notes and The Christie Head and Neck assessment forms. The study was approved by the National Health Service (NHS) National Research Ethics Service committee North West (reference number 03/TG/076). Individual patient consent was not required. Pretreatment formalin-fixed paraffin-embedded blocks prepared at biopsy were requested. P16 expression. Tumour sections were stained with haematoxylin and eosin to confirm tumour presence before assessing HPV status.
Detection of p16
INK4a used the CINtec histology kit (Roche, Basel, Switzerland) and a Biogenix i6000 autostainer (Biogenix, Fremont, CA, USA). Human papillomavirus-positive and -negative controls were included in each staining batch. Tumours were scored as positive if there was a strong and diffuse brown staining of the nucleus and cytoplasm in Z70% of the tumour specimen (Singhi and Westra, 2010) . The slides were scored twice by a single scorer with 91% concordance. Any discrepant slides were evaluated by a pathologist to provide a final score.
In-situ hybridisation. The in-situ hybridisation (ISH) assay (Ventana Medical Systems, Tucson, AZ, USA) was performed at Manchester Royal Infirmary according to the manufacturer's guidelines using the BenchMark automated slide-staining system. The Inform HPV III probe sets were able to detect oncogenic HPV 16, 18, 31, 33, 35, 45, 51, 52, 56, 58, 59, 68 and 70 . Human papillomavirus DNA ISH slides were scored by two independent observers (80% concordance) and any discrepancies resolved by reevaluation. A positive score was awarded only for punctate, bluecoloured staining within the nuclei of tumour cells. Diffuse staining of the nuclei was scored as a negative result.
Human papillomavirus DNA PCR. Human papillomavirus DNA-positive samples (by SPF10 DEIA) were genotyped using the INNO-LiPA HPV genotyping assays and the Roche Linear Array HPV genotyping test performed at the Institute of Cancer and Genetics, School of Medicine at Cardiff University, according to protocol.
Multiplex TIL IHC. Formalin-fixed paraffin-embedded sections 4 mm in thickness were deparaffinised in xylene and rehydrated through graded concentrations of alcohol. Following epitope retrieval (HIER) in a pressure cooker, slides were placed in a Biogenex i6000 autostainer and endogenous peroxidases blocked using 3% peroxide solution (ACROS Organics, Geel, Belgium). The first multiplex staining step was DAB visualisation (brown) of FoxP3 þ antigen. Protein block was achieved using a 10% casein solution (Vector Laboratories, Burlingame, CA, USA) before staining with the primary antibody (FoxP3, clone 236A/E7 mouse monoclonal antibody (mAb); Abcam, Cambridge, UK; 1:40). Secondary anti-mouse EnVision HRP detection system (Dako, Cambridge, UK) was subsequently used for DAB visualisation. In between stains, slides were transferred to high pH antigen retrieval solution and microwaved at 98 1C for 10 min. For the second and third stains, following peroxidase and casein blocking, CD3 (mouse mAb, clone F7.2.38 (Dako), 1: 60) and CD4 (mouse mAb, clone 4B12 (Dako), 1:50) were visualised with the HRP chromogens ImmPACT VIP SK-4605 (purple; Vector Laboratories) and Vector SG (blue-grey; Vector Laboratories). The fourth step was Vector Red SK-5100 visualisation (red; Vector Laboratories) of CD8 antigen. Following blocking with normal horse serum solution, CD8 antibody (mouse mAb clone C8/144B (Dako), 1:60) was applied and secondary anti-mouse Ig alkaline phosphatase (ImmPRESS, Vector Laboratories) was subsequently used to visualise Vector red. Mouse IgG1 (Dako) was used as a negative control. Finally, following multiplex IHC, sections were counterstained with haematoxylin, dehydrated in graded concentrations of alcohol and coverslipped in permanent, non-aqueous mountant.
Staining for SMA. Sections were cut and deparaffinised, and antigens retrieved as described above. This was followed by a peroxidase block and staining with primary antibody (mouse mAb anti-human SMA clone 1A4 (Dako), 1:50) or negative control reagent, visualisation reagent and substrate-chromogen solution (DAB). Staining was scored using computer-automated H-scores (see below) and by percentage positivity from 30 randomly selected stromal regions in the single slides. Mean scores for each tumour were calculated.
Multiplex IHC automated image analysis and scoring. For each slide, the Vectra automated multispectral imaging system (PerkinElmer, Waltham, MA, USA) was used to perform both low ( Â 4) and high ( Â 20) power scans of 30 randomly selected tissue grids. Spectral libraries were generated from single stained slides using the Nuance FX multispectral imaging system software (PerkinElmer). Spectral libraries and the scanned multiplex images were then loaded into inForm Advanced image analysis software (PerkinElmer). The image analysis method illustrated in Figure 1 comprised the following: (a) resolution of spectral properties of the multiplex stains; (b) classification of regions as tumour, stroma and/or blank spaces; (c) identification of different cell types; and (d) scoring based on the constituent spectral properties. The individual biopsy TIL density/region of interest (ROI; 3.5 Â 10 5 nm 2 ) was determined from 30 randomly selected ROIs of tumour or stromal areas for each section. The mean scores for the whole biopsy, tumour and stroma were generated. The median T-cell density for each group was used to stratify patients into 'high' or 'low' TIL groups. Automated image analysis was used to quantify the percentage of stromal cells with positive SMA expression (percentage positivity). The staining intensity was classified as low, medium or high, and H-scores were generated by multiplying percentage positivity and staining intensity scores.
Data analysis. Image analysis data were exported to Microsoft Excel worksheets. Charts and data comparisons were performed using SPSS version 20.0 (IBM, Portsmouth, UK) and GraphPad Prism (GraphPad Software, La Jolla, CA, USA). For the box plots shown, Shapiro-Wilk normality test was used to test for the distribution of the data. As the data were mostly not normally distributed, the Mann-Whitney test for comparing the data was used. Actuarial calculations of locroregional control (LRC) and overall survival (OS) were obtained using the Kaplan-Meier method. Univariate analysis was compared using the log rank (Mantel-Cox) method. The w 2 -test was used to compare categorical data and the threshold for statistical significance was 0.05.
RESULTS
Patient characteristics. Formalin-fixed paraffin-embedded tumour pretreatment biopsies were available from 218 OPSCC patients. Of these, 139 biopsies showed congruency of HPV-positive or -negative phenotyping by all three detection methods and had sufficient material for further analysis. Concordance rates for HPV detection or non-detection by the three methods was 78%. Supplementary Figure S1 is the consort diagram for the study. The 5-year LRC and OS rates for the cohort were 66% and 52%, respectively. The univariate survival analysis of the patient cohort stratified by different clinico-pathological features is summarised in Supplementary Table S1 . Smoking, pretreatment haemoglobin, tumour stage, differentiation and HPV status were associated with LRC and OS. Infiltration of T cells. The mean density of CD3 þ T cells in the 139 biopsies (both tumour and stromal areas) was 5.2 Â 10 3 per ROI of which 60% (3.1 Â 10 3 ) were CD4 þ and 29% (1.5 Â 10 3 ) CD8 þ ; only 0.02% (0.06 Â 10 3 ) of the CD4 þ TILs were FoxP3 þ . Human papillomavirus-positive compared with -nega- (Table 1 and Figure 3) . A similar pattern of significantly increased infiltration of CD3 þ , CD3 þ CD4 þ and CD3 þ CD8 þ but not CD4 þ FoxP3 þ T cells was seen in both tumour and stromal regions of HPV-positive compared with -negative OPSCC (Table 1 and were 9.3-fold more CD3 þ CD8 þ T cells in HPV-positive compared with -negative stromal regions of OPSCC (Table 1) .
TILs and clinical outcome. There was no difference in OS and LRC for the 139 patients when stratified by median CD3 þ TIL density ( Figure 5A ). Supplementary Table S2 shows the distribution of patients according to high vs low overall CD3 þ TIL density. Infiltration was significantly lower in higher American Joint Committee on Cancer prognostic staged tumours (P ¼ 0.02) and HPV-negative tumours (P ¼ 0.02; Supplementary Table S2) . Sub-stratifying by HPV status showed that a high CD3 þ T-cell density was associated with significantly better OS in HPV-positive (P ¼ 0.02) but not in HPV-negative (P ¼ 0.31) patients ( Figure 5B and C). There was no statistically significant difference in LRC for high vs low CD3 þ T-cell infiltration in either HPV-positive or -negative OPSCC. Further analysis of HPV-positive OPSCC indicated that higher CD3 þ T-cell infiltration in the stroma (LRC, P ¼ 0.03; OS, P ¼ 0.01) but not the tumour (LRC, P ¼ 0.75; OS, P ¼ 0.15) regions ( Figure 5D and E). Interestingly, this improved OS ( Figure 5 ) and LRC (Supplementary Figure S2) was related to significant stromal, and not tumour, CD3 þ CD8 þ but not CD3 þ CD4 þ TILs in HPV-positive OPSCC (Supplementary  Table S3 ).
Stromal activation. Stromal SMA expression (Supplementary Figure S3) was significantly greater in HPV-positive compared with -negative tumours (Supplementary Figure S4) but was not associated with clinical outcome (LRC, P ¼ 0.34; OS, P ¼ 0.79; Supplementary Table S4 ). There was no relationship between the percentage positivity of SMA expression and stromal CD3 þ TIL density in all patients (Supplementary Table S5 ). However, a significant correlation was seen in HPV-positive but not in -negative OPSCC stroma for CD3 þ (P ¼ 0.01) and CD3 þ CD8 þ (P ¼ 0.0005) T-cell density Supplementary Figure S5 .
DISCUSSION
The OPSCC cohort investigated here had similar OS and LRC rates and clinico-pathological prognostic factors as described previously by others Ang et al, 2010; Oguejiofor et al, 2013) . To address potential inadequacies of assessing tumour HPV status in published studies, the three most common HPV detection methods (DNA PCR, DNA ISH and p16 IHC) were used and only those patients with concordant results (78%) were included for study. In the 139 patients with concordant results, 53% were classified as HPV positive, a value similar to that reported previously in OPSCC (Hama et al, 2014) . It is pertinent to note that differing positivity rates have been reported globally with rates as low as 20% in the Netherlands to as high as 72% in parts of the United States (Rietbergen et al, 2013) . A strength of the study was the use of multiplex IHC and automated image analysis, which allowed for delineation of specific T-cell populations and reproducible/representative quantitative scoring. This approach enabled not only the extraction of more information from a single slide but also the observation of contextual relationships between detected antigens. The ability to localise the different immune cell phenotypes to different compartments thus adds a layer of complexity and novelty to the study of TILs in OPSCC. The study showed that patients with HPV-positive OPSCC with high CD3 þ CD8 þ T-cell infiltration in stromal areas have the best clinical outcome, which highlights the importance of assessing the tumour microenvironment compartment in TIL studies.
Higher TILs were found in HPV-positive compared with -negative OPSCC. This finding agrees with several (Nasman et al, 2012; Nordfors et al, 2013; Ward et al, 2014) but not all (Wansom et al, 2012; Balermpas et al, 2014) studies. Significantly higher densities of CD3 þ , CD3 þ CD4 þ , CD3 þ CD8 þ but not CD4 þ FoxP3 þ T cells were detected in HPV-positive compared with negative OPSCC as a whole in this study. A further key observation was that this significantly higher infiltration was seen in both tumour and stromal regions. It is apparent that evaluation of TIL density should be done in different tumour microenvironments (Fridman et al, 2012) . Stromal cells have been reported to secrete cytokines, which contribute to the recruitment of TILs to the tumour micro-environment (Gajewski et al, 2013) . It is presumed that the immune cell infiltration into tumours occurs in response to tumour-specific antigens and an attempt to control tumour growth and spread. However, immune-suppressive factors around the tumour periphery and/or expressed by the tumours can also attract Treg cells able to inhibit otherwise potentially active effector T cells. In this study, no difference was seen in the infiltration of Treg (CD4 þ FoxP3) populations as stratified by HPV status, although the numbers of these cells detected were very small. Indeed, CD4 þ FoxP3 þ T cells were often absent from many of the scanned images (o4 per section) increasing uncertainly about the value of quantitative comparisons. There is evidence by others that high levels of systemic Treg cells are a positive prognostic marker in OPSCC (Khorramirouz et al, 2014; Lukesova et al, 2014) . The approach used in this paper of evaluating Treg cells in the local tumour environment did not show any prognostic relationship. It is possible that FoxP3 þ may not mark all Treg cells and/or that other immune cells such as macrophages or myeloid derived suppressor cells, which were not assessed, could act to limit CD8 þ T-cell activity (Damuzzo et al, 2014; Caronni et al, 2015) .
As expected and reported widely, HPV-positive compared with -negative OPSCC patients had a significantly better OS (P ¼ 0.0003) and LRC (P ¼ 0.0037). In contrast with other reports where T-cell density correlated with survival in both HPV-positive and -negative patients (Nasman et al, 2012; Wansom et al, 2012; Balermpas et al, 2014) , no difference was found in outcomes when stratifying all patients by total CD3 þ T-cell infiltration. The heterogeneity in the patients with oral cancers studied, robustness of HPV detection and the use of a variety of IHC methods may have contributed to discordance between various published reports. However, T-cell infiltration was significantly associated with survival in HPV-positive but not in -negative OPSCC patients as reported in another study (Ward et al, 2013) . In addition, our observations suggest that the stromal infiltration of CD3 þ CD8 þ T cells is important in determining prognosis. This is consistent with a hypothesis that the higher infiltration of CD8 þ T cells in the stroma is a marker of an effective immune response in HPVpositive OPSCC contributing to improved outcome following standard therapy. In cervical dysplasia, lesion regression has been associated with T-cell infiltration of the epithelium (Trimble et al 2010) , but there is evidence that the stroma is the first point of call for the effector immune cells (Kobayashi et al, 2004; Trimble et al, 2010; Maldonado et al, 2014) . Gene analysis of micro-dissected specimen of pre-and post-vaccination dysplastic lesions showed an increase in genes associated with effector immune cell phenotype, polarisation, function and activation in the stroma of post vaccination patients (Maldonado et al, 2014) .
In addition to TILs, the activation status of the stroma was investigated using SMA expression by activated myofibroblasts. When present at sites of chronic inflammation, myofibroblasts promote angiogenesis, extracellular matrix, growth factor and cytokine expression (Surowiak et al, 2007) . Smooth muscle action expression has been associated with a poor prognosis in several cancer types. In patients with SCC of the tongue, Kellermann et al (2007) observed higher SMA expression at the invasive margin significantly correlated with invasion into blood vessels, lymph node and neurons. Stromal features predicted disease mortality in oral cancer, although the proportion of OPSCC and HPV positivity was not stated (Marsh et al, 2011) . Our results showed a significantly higher expression of SMA in the stroma of HPVpositive compared with -negative OPSCC, but there was no association with survival. The differing numbers, heterogeneity of pathology, therapy and follow-up of patients with oral cancers studied, robustness of HPV detection and variations in IHC methodology may all have contributed to the discordance between the various published reports. There are further levels that can influence immune control in cancer patients through co-stimulatory inhibitory pathways. The programmed cell death protein 1 (PD-1) is expressed on activated T cells and its ligands PD-L1 and PD-L2 on antigen-presenting cells (APCs) and sometimes tumour cells. The infiltration of PD-1-expressing lymphocytes can be a marker of favourable prognosis in HPV-positive OPSCC (Badoual et al, 2013) but localisation of PD-L1 to the tumour stroma interface or other immune cell types (e.g., macrophages) might limit functional tumour infiltration (Lyford-Pike et al, 2013) . Trials investigating the blockade of PD-1 receptors in a range of cancers (melanoma, colorectal cancer, nonsmall-cell lung cancer and renal cancer) have shown clinical activity (Gubin et al, 2014; Herbst et al, 2014; Powles et al, 2014; Tumeh et al, 2014) . In this study, the relationship between tumour micro-environment, expression of PD1, PDL1 and PDL2 by TILs, tumour cells and/or APC was not evaluated. It is hypothesised that the presence of TIL in the tumour compartment maybe subject to the suppressive effects of the co-stimulatory factors. Future studies using a multiple marker approach could investigate this relationship.
In summary, there is a growing body of evidence for an underlying immune activity in OPSCC, which is more important for HPV-positive compared with -negative disease. The work reported here highlights the importance of evaluating its contextspecific nature in relation to the immune cell localisation and functional orientation. As stated in the Introduction section, the move towards patient stratification based on HPV status alone may be too simplistic, with measurements of TILs considered a promising avenue for biomarker development (Jones, 2014) . Our work supports this suggestion but, in addition, shows the need to assess microenvironment localisation.
